The influence of niobium on the physicochemical properties of the Mo-V-O system and on its catalytic properties in the oxidation of ethane to ethylene and acetic acid is examined. Solids based on 
Catalysts for ammoxidation of propane to acrylonitrile are based on vanadium, like VSbO doped with W or Al [19] [20] [21] [22] [23] [24] [25] [26] . Multicomponent catalysts have flourished recently because of the versatility of the MoV system which accommodates several types of dopant, such as catalysts for mild oxidation of propane to acrylic acid [27] [28] [29] [30] [31] [32] . If tungsten is generally preferred to Nb for these reactions, the Mo 5 O 14 -type oxide is often present in the system as detected by XRD and Raman spectroscopy [20, [30] [31] [32] [33] [34] , and as such it may be a key factor to relate to catalytic properties. However, the structure of other phases present in the MoVXYO system and which are related with the presence of dopants X, Y, has been recently solved [35] [36] [37] [38] [39] [40] [41] [42] and their presence could make the difference with the MoVNbO system more active for ethane oxidation. Even though a same phase (e.g., Mo 5 O 14 ) would be present, the action of W vs. Nb, Al vs. Te or Sb, etc., is prominent since their cationic acidity is strongly different [43, 44] .
In the present paper dedicated to F. Trifiró for his birthday we report on physicochemical properties of catalysts based on MoV 0.4 O x composition, to which 0.12Nb has or not been added. To emphasize the role of Nb, their catalytic properties in the oxidation of ethane to acetic acid and ethylene are tentatively related to structural characteristics obtained by X-ray diffraction, laser Raman spectroscopy and X-ray photoelectron spectroscopies, and to reactivity by in situ methods.
Experimental
Catalysts MoV 0.4 O x (MoV) and MoV 0. 4 Nb 0.12 O y (MoVNb) were prepared according to Karim et al. [15] from ammonium paramolybdate, ammonium metavanadate, and niobium oxalate. After dessication of the mixture, the resulting powder was dried at 120°C overnight and then calcined in air up to Tc = 350°C (MoV350, MoVNb350) or 400°C (MoV400, MoVNb400).
The specific surface area was determined by B.E.T method. XRD patterns were acquired on Huber diffractometer using CuKα radiation. Lines were assigned to crystalline phases using the DIFFRACPlus software (Bruker) in the range 2θ = 3-60°. High-temperature X-Ray diffraction was carried out on a Siemens D5000 diffractometer (CuKα radiation), equipped with a HTK 1200 Anton Paar device and a PSD detector. The calibration in temperature of the heating device was checked prior to the experiments using gold powder. Samples were displayed on the sample-holder and heated at 0.06°C/s in R/N 2 = 20/80 (R = H 2 , C 3 H 8 or C 2 H 6 ). Patterns were registered at 300, 350, 400 and 450°C (30 min at each temperature). After cooling down and sweeping by N 2 , the sample was reoxidised in O 2 /N 2 = 20/80, and then it returned back to room temperature (R.T.) in the same atmosphere. Raman spectra were recorded using a Labram Infinity laser Raman spectrometer (JY-DILOR®). The laser intensity (Ar + , 514.5 nm) was reduced by various filters (< 1 mW), and the data were treated by Labspec software. The spectral resolution and the accuracy in the Raman shifts are estimated to be ~2 cm -1 . A tenth particles were examined for each sample to check their homogeneity.
The reactivity of samples in air was qualitatively examined by submitting powder grains to the laser beam and decreasing the intensity of filter. The same procedure was used for all samples.
XPS analyses were performed using the ESCALAB 220XL spectrometer. The powder samples were pressed in a 2 mm hole in a steel block. The AlKα monochromatized line (1486.6 eV) was used at 120 kV giving a 500 µm spot diameter in the sample. The spectrometer was operated in a constant pass energy mode (E pass = 30 eV) for the high resolution spectra recording using the electromagnetic lens mode. There was no need of flood gun source as the samples were conducting enough. Binding energies were referenced to O1s core 530.20 eV for oxygen. During experiment the vacuum level was less than 10 -7 Pa. Experimental quantification level and spectral simulation were obtained using the Eclipse software provided by VG Scientific. The area of Mo (3d 3/2 , 3d 5/2 ), V (2p 3/2 ) and Nb (3d 3/2 , 3d 5/2 ) peaks was measured for each sample and the surface stoichiometry was determined. The catalytic properties were measured using a conventional flow set-up, effluents being analyzed by on-line GC. The stainless-steel fixed bed reactor was placed in a tubular furnace and connected to the analysis set up. The inlet gas mixture of propane, oxygen and nitrogen was controlled using mass flowmeters. The reactor (volume of catalyst = 3 mL) was fed with C 2 H 6 /O 2 /N 2 = 40/6/54
and operated at 240-280°C and contact time τ = 1 s. Reactants and products were analysed on-line with a gas chromatograph equipped with a double detector (thermal conductivity and flame ionization) and two columns, HayeSep D 80/100 mesh, and LAC446. In these conditions, the carbon balance was met at ± 1%.
Results

Physicochemical analyses
1-1. XRD analysis
Analyses performed on fresh catalysts, with or without Nb, show distinct differences according to the calcination temperature Tc.
-Nb-free samples: The patterns of MoV350 and MoV400 display lines assigned to several phases ( Fig. 1 [7] .
-Nb-containing samples: The XRD pattern of MoVNb350 ( Fig. 1 
1-2. Laser Raman spectroscopy (LRS)
The composition of samples on the glass holder is rather homogeneous as the same spectrum is observed, except that intensity of bands can be slightly different. The spectra of MoV and MoVNb ( bands grows only in the case of MoVNb400 and the band structure characteristic of (MoVNb) 5 O 14 remains. The θ-phase is therefore stabilized by the presence of Nb.
1-3. X-ray Photoelectron Spectroscopy (XPS)
The 
3-2. High Temperature-XPS
3-2-1. Reduction by hydrogen and reoxidation by air (Table 2) Only the vanadium signal is affected by reduction of samples (Fig. 7) 
Catalytic properties.
Preliminary catalytic data are presented in Table 4 . Catalytic experiments were deliberately performed in conditions of temperature and contact time such that oxygen was not fully converted. In the strongly reducing used conditions (C 2 H 6 /O 2 = 40/4), the maximum theoretical yields (referred to ethane at 100 mol% selectivity) are 20 mol% for ethylene and 6.67 mol% for acetic acid, respectively.
The main products were ethylene and acetic acid, followed by CO and CO 2 , with traces of acetaldehyde and formaldehyde.
When temperature of reaction T R increases, the conversion of ethane is parallel to that of oxygen and increases while selectivity to partial oxidation products decreases. Ethylene production is systematically higher than that of acetic acid (Y C2 /Y AA = 1.9-2.6), and carbon oxides are low. The global selectivity to ethylene and acetic acid decreases when T R increases, and amounts to 90-96 mol% depending on samples. The main exception is MoV400, on which more carbon oxides are produced (selectivity ca. 50-28 mol%) but it is, however, the least active sample. Conversions are lower when calcination temperature Tc increase, but this effect is more noticeable in Nb-free samples.
The maximum yields to ethylene and acetic acid are obtained with MoVNb350 and amount to 8.4 and 4.2 mol%, respectively. Except with MoV400, the global selectivity as well as the ethylene-to-acetic acid ratio (3.0-3.8/1) does not vary much, which means, in first approximation, that the reaction mechanism is the same and that the main differences rely on the activity of particles.
Discussion
In early papers dealing with MoVO system for various applications, the presence or not of a One of the main questions to answer is the formation of solid solutions in the metastable θ-phase, which is known to be stabilized by several cations to a given extent [45] . [34] . Generally speaking, the thermodynamic trend exhibited by particles of amorphous materials is to reorganize and to grow in order to reach a more stable state, unless they are stabilized in another manner. Laser heating in LRS provides a means to study the stability in air. It was reoxidation at 300°C, the initial mean valence state of V is not recovered. This may be due to the fact that Mo came onto the surface during reduction, the result being that some V specie are hidden and not reoxidized [46] . This trend is less marked in the presence of Nb.
Previous work on the MoVNbO system by one of the authors [11] has demonstrated that the step of solubilization of ammonium metavanadate and of niobium oxide is prominent to avoid the presence of phases like V 9 Mo 6 O 40 , and that heat treatment in inert atmosphere ensures the formation of reduced Mo oxides. There are two ways for MoO 3 to be partly reduced. The first one, which is common to V, Nb, Ti, W, oxides, is by means of crystallographic shear planes and gives rise to the socalled Magnéli phases. This mechanism has even been shown to proceed in the case of the reduction of α-or β-VOPO 4 to (VO) 2 P 2 O 7 , catalysts of mild oxidation of 1-butene or n-butane to maleic anhydride [50, 51] . The second mechanism is responsible for the formation of pentagonal columns by extensive edge-sharing between polyhedra [45] , and is common to W, Te, etc., oxides as well as, e.g., uranium molybdates [52] . In the examined conditions [11] , oxalic acid was leading to the formation of 350°C ). In the present work, and although a detailed catalytic study has not yet been conducted, the behavior of all samples but MoV400 is similar: ethylene and acetic acid are obtained together, the former being in higher amounts, and only the conversion of ethane differs. In a short range of temperature (40°C), the global selectivity amounts to 89-96 mol%. These findings must be related to the same system where θ-(VNbMo) 5 O 14 and MoO 3 , are present, their crystalline state being mainly related to their catalytic activity. Werner et al. [30] have emphasized the role of the 'glassy nanocrystalline state' of such material in catalysis. On the contrary, if crystals of MoO 3 are too large, and because they naturally exhibit mostly {010} faces, the production of CO x is high [53] . This is the case of MoV400 catalyst which is characterized by the lowest surface area, ethylene conversion and selectivity to ethylene and acetic acid. Therefore, the conversion is as high as nanocrystallites are characterized by XRD and LRS, and selectivity is as high as the least amount of 'free' MoO 3 is found on surface, that is for MoVNb350.
The relative role of these two phases is a different story which is related to synergistic effects [54, 55] . Several examples of efficient catalysts containing 'free' MoO 3 may be found in literature, and in most cases the latter is associated with cobalt molybdate, e.g., for maleic anhydride formation from n-butane [55, 56] , or nickel molybdates for propane oxidative dehydrogenation [5759] . The model of (Mo,V,Nb) 5 O 14 microdomains in α-MoO 3 proposed in 1991 [11] (Fig. 8) and which emphasized the role of coherent interfaces, seems still topical.
Conclusions
The influence of niobium on the properties of MoV 0.4 -based catalysts is plural. Provided the preparation and the heat treatment of precursor is convenient so as to avoid the formation of Table 2 . Reduction of MoV and MoVNb catalysts by hydrogen and reoxidation by air, followed by XPS. Table 3 . Reduction of MoV and MoVNb catalysts by propane and by ethane, and reoxidation by air, followed by XPS. Table 4 . Surface area and catalytic performance of MoV and MoVNb catalysts in the oxidation of ethane to ethylene and acetic acid. 
